[1] Glacial boulders and soils on moraines are often dated to quantify the timing of glaciations and/or rates of chemical weathering in moraine chronosequences. A common assumption is that moraine crest erosion and soil mixing are unimportant. However, several studies suggest moraine denudation may be substantial. We evaluate the magnitude of moraine denudation and soil mixing in the Pinedale ($21 ka) and Bull Lake ($140 ka) moraines at Fremont Lake (Wyoming, United States) using cosmogenic nuclide depth profiles and a numerical model of moraine erosion and nuclide production and decay. Depth profiles indicate mixing of the surface layer from 40 to 60 cm depth. Age constraints from depth profile dating of cosmogenic nuclides result in ages of 17-24 ka for the Pinedale moraine and 70-127.5 ka for the Bull Lake moraine. These ages are comparable to ages based on the Lal and Chen approach which uses a sample from the mixed layer and the unmixed layer. However, the Lal and Chen approach is difficult to apply in real environments as the mixing depth needs to be determined independently. We find our best fit model based ages for the Bull Lake moraine are younger than independent age constraints from boulder exposure dating due to incomplete mixing. Exposure age constraints from boulders are more straightforward for moraines than ages based on depth profile dating. Finally, we find that moraine crests do significantly erode and are mixed, suggesting that previous weathering and dust accumulation rate studies on moraines provide minimum estimates for these processes. 
Introduction
[2] Moraines mark the past extent of glaciers and reveal information about glacial fluctuations due to climatic change. The age of moraine deposition is important for absolute time constraints of these events. Techniques often used to constrain moraine deposition ages include surface exposure age dating of boulders, radiocarbon dating, and U-series disequilibrium. Alternatively, moraine deposition can be dated by measurement of in situ-produced cosmogenic nuclides in soil depth profiles. The utility of cosmogenic nuclides from soil depth profiles to quantify glacial moraine age, denudation, and soil mixing in two moraines of different age in Wyoming (United States) are evaluated. The implications of our results to other study areas are discussed.
[3] Application of cosmogenic nuclides in depth profiles to determine sediment deposition ages, denudation rates, and study soil processes has a long tradition. The technique of exposure age dating has been applied to cobbles from sedimentary deposits [e.g., Trull et al., 1995] , along with recognition that the measured nuclide concentrations need to be corrected for inherited nuclides accumulated during sediment production and transport [Anderson et al., 1996] . The inherited nuclide concentration can be determined using sediment samples from deep within sedimentary deposits [e.g., Hancock et al., 1999; Repka et al., 1997; Schaller and Ehlers, 2006] or sediment from active river channels [e.g., Brown et al., 1998; Hetzel et al., 2002] . Sediment deposits cannot be considered stable and possible degradation of deposits (e.g., denudation, burial, bioturbation, and cryoturbation) must be accounted for [e.g., Brown et al., 1998 ]. Information about deposition age and denudation can be gained from analysis of cosmogenic nuclides in samples collected at different depths [e.g., Granger and Smith, 2000; Phillips et al., 2000; Shanahan and Zreda, 2000b; Siame et al., 2004; Wolkowinsky and Granger, 2004] . Mixing of the surface layer [e.g., Brown et al., 1995] also influences the age determination and thus needs to be taken into account when soils are mixed [e.g., Chen, 2005, 2006; Perg et al., 2001] .
[4] In this study, $1.5 m depth profiles from the Pinedale (independent age constraint is $21 ka) and Bull Lake moraines (independent age constraint is $140 ka) of the Fremont Lake area (Wyoming, United States) are analyzed for in situ -produced cosmogenic mixed surface layer and undisturbed depth section for age and denudation rate determination (Figure 2 ). We augment the complete mixing approach of Chen [2005, 2006] and also consider the effect of partial mixing on nuclide concentrations ( Figure 2b ). We compare these results to age and denudation rate determinations based on the measurement of several samples in the depth profile. This comparison is conducted to evaluate if two or multiple samples in the profile are required for age and denudation rate determinations. Ages and denudation rates from depth profiles are determined with Chi-square analysis of measured and modeled nuclide concentrations. The modeled nuclide concentrations take into account mixing in the surface layer and nuclide inheritance. Denudation of the moraine is addressed with the following two scenarios: (1) constant denudation of the moraine and (2) transient denudation of the moraine by hillslope diffusion. We compare the results to independent age constraints available for Pinedale and Bull Lake moraines and to denudation rates of moraines available from the literature. Possible problems in applying the method of Chen [2005, 2006] and the depth profile technique to our samples and elsewhere are discussed.
Background

Study Area
[5] The Fremont Lake area was glaciated by large valley glaciers extending from the highland ice caps covering the taken from the terminal Pinedale (independent age constraint is $21 ka) and Bull Lake (independent age constraint is $140 ka) moraines in the Fremont Lake area, Wyoming (after Richmond [1973] ). Also shown are locations of boulder surface exposure dates for Pinedale (solid circles) and Bull Lake (solid squares) moraines from Gosse et al. [1995] and Phillips et al. [1997] . See Richmond [1987] for a more detailed geologic map of the region. (b) Profile through the Bull Lake moraine based on 10 m digital elevation model. (c) Profile through the Pinedale moraine.
Wind River Mountains (Wyoming, United States). Several glaciations are documented in the Fremont Lake area including the Pinedale, Bull Lake and possibly the Sacagawea glaciations (Figure 1 [Richmond, 1973] ). Several moraines from the Pinedale (1 -7) and Bull Lake (I -V) glaciations were mapped in detail by Richmond [1987] with ''1'' and ''I'' designated as the terminal moraines. The moraines are composed of till which is a mixture of Archean granite, granodiorite, and diorite gneiss. The primary minerals observed in unweathered till (soil parent material) include plagioclase, quartz, biotite, K-feldspar, hornblende, and magnetite (by decreasing abundance). Quartzite cobbles found in the lower till of the Bull Lake moraines are attributed to reworking of older terrace deposits [Richmond, 1973] .
[6] Pinedale moraines are steep sided with many boulders at the surface, whereas Bull Lake moraines have gentler slopes and fewer boulders. Soils on the Pinedale and Bull Lake moraines have been extensively studied [e.g., Dahms, 2002, and references therein] . Soils on Pinedale moraines have an average solum thickness of 38 cm whereas Bull Lake moraines have an average solum thickness of at least 125 cm [Hall and Shroba, 1995] . The mean annual temperature and precipitation in the Fremont Lake area are 1.8°C and 231 mm, respectively [Zimmerman et al., 1994; Weather Bureau, 1965] . The dominant vegetation on the terminal moraines in the Fremont Lake area is big mountain sagebrush (Artemisia tridentata), which has been in the area since at least 11.5 ka as determined by 14 C [Barnosky et al., 1987] .
Previous Moraine Age Constraints
[7] Age determinations of moraines in the Fremont Lake area are based on cosmogenic nuclide exposure ages of boulders. In this section, the ages of the moraines from the Fremont Lake area are compared to age constraints of Pinedale and Bull Lake moraines from other locations in the Rocky Mountains (Wyoming and Colorado). A best age estimate, independent from the depth profile analysis of this study, is presented for the Pinedale and Bull Lake moraines.
[8] Boulders from Pinedale moraines in the Fremont Lake area are exposure age dated with 10 Be at 21.7 ± 0.7 ka [Gosse et al., 1995] . A recalculated mean age based on data presented by Gosse et al. [1995] , but using different production rates is 19.6 ka [Benson et al., 2005] . Boulders from Bull Lake moraines in the Fremont Lake area reveal 10 Be exposure ages ranging from 115 to 160 ka with a mean age of 140 ka [Easterbrook et al., 2003] . The youngest Bull Lake moraine at Fremont Lake (Moraine V after Richmond [1987] ) was also attributed a combined 10 Be/ 36 Cl age of 113 ka [Phillips et al., 1997] .
[9] Boulder surface exposure ages of Pinedale moraines from northcentral and southwestern Colorado based on 36 Cl analysis range between 16 and 23 ka [Benson et al., 2004 [Benson et al., , 2005 . Taking into account the effect of Holocene or Late Pleistocene instead of present-day snow shielding results in ages which are on average 2.2 ka older [Benson et al., 2004] Figure 2a . The nuclide concentration of an unmixed layer (dashed line), the average nuclide concentration of this unmixed layer down to the assumed mixing depth (bold line), the nuclide concentration in a completely mixed surface layer (dotted line), and the inherited nuclide concentration (dotted-dashed line) are shown. Zreda and Phillips, 1995] and 230 Th/U dating of pedogenic carbonate from Pinedale age terraces in the Wind River Basin suggest that they formed at 21 ± 5.1 ka [Sharp et al., 2003] . End moraines marking the Pinedale position in the Yellowstone glacial system range from 18.8 ± 0.9 to 16.5 ± 1.4 10 Be ka [Licciardi and Pierce, 2008] [10] Many boulder ages from different localities in the Rocky Mountains indicate Bull Lake glaciation ages ranging from 90 to 150 ka [e.g., Benson et al., 2004; Licciardi and Pierce, 2008; Phillips et al., 1997] . Age constraints by 230 Th/U dating of pedogenic carbonate in terraces from the Wind River Basin formed contemporaneously with the Bull Lake moraines indicate an age of 150 ± 8.3 ka [Sharp et al., 2003] . The Bull lake glaciation is therefore thought to be nearly synchronous with the maximum global ice volume of marine isotope stage 6 [Sharp et al., 2003] . Many surface exposure ages of boulders from Bull Lake moraines are considered to be minimum ages for the glaciation age due to denudation of boulder surfaces, spallation during bush fires, denudation of the matrix material and snow shielding [e.g., Benson et al., 2004] . In summary, we consider ages of 21 and 140 ka to be the independent best age estimates for the formation of the Pinedale and Bull Lake terminal moraines in the Fremont Lake area, Wyoming. These independent age constraints are used for comparison to ages determined in this study.
Previous Moraine Denudation Constraints
[11] Several studies have recently suggested that postdepositional moraine denudation may be more substantial than previously thought. The different studies, which we summarize below, are based on (1) field observations, (2) diffusion models of surface degradation and moraine boulder frequency analysis, (3) exhumation modeling of boulder surface exposure ages with in situ -produced cosmogenic nuclides, and (4) depth profile dating with in situ -produced cosmogenic nuclides. In order to allow a comparison between the different techniques, we translate the net denudation reported from field observations and diffusion models into constant denudation rates (approximate values given in parenthesis).
Field Observations
[12] In the upper Colorado River Basin, ten profiles of Bull Lake and Pinedale moraines were surveyed [Meierding, 1984] and results suggest the Bull Lake moraines lost $10 m more material than the Pinedale moraines since deposition. Boulder age considerations for Bull Lake moraines suggest <1 m ($0.005 mm a À1 ) was removed in the western part of the Wind River Mountains and >1.4 m ($0.010 mm a
À1
) of material was removed in the eastern part of the Wind River Mountains [Easterbrook et al., 2003] . No obvious correlation between the boulder height and age were found for Bull Lake moraines on the western side of the Wind River Mountains, Wyoming [Easterbrook et al., 2003] . The boulders which are all taller than 1 m have apparently always been exposed since their deposition. In contrast, boulders in the eastern side of Wind River Mountains show a correlation of boulder age and height. A 1.4 m tall boulder reveals a very young age (65 ka) in comparison to a 4 m tall boulder with an age of 130 ka [Easterbrook et al., 2003] [Hallet and Putkonen, 1994] ). The models assume a deposition angle of 31°and suggest that large moraines were lowered from 100 to 66 m in 100 ka ($0.34 mm a
) and small moraines from 20 to 10 m in 20 ka ($0.50 mm a À1 [Putkonen and Swanson, 2003] ). The maximum depth of eroded material is considered to be $25% of the final height of a moraine [Putkonen and O'Neal, 2006] . Applied to the 22 ka old lateral Tioga moraine with a height of $45 m (used from Hallet and Putkonen [1994] ) approximately 11 m of moraine material was suggested to have been eroded ($0.50 mm a À1 ). Assuming an initial constant boulder frequency, surface lowering and related exhumation to the moraine surface can be determined [Putkonen et al., 2008] Be for moraines from Bishop Creek, Sierra Nevada [Shanahan and Zreda, 2000a] . Similar rates (0.025 and 0.045 mm a
) were reported for the older Tahoe moraine (145 ka) and the Mono Basin moraine (85 ka) in Bloody Canyon, Sierra Nevada [Phillips et al., 2000] .
Depth Profile Sample Locations and Characteristics
[16] Depth profiles for in situ -produced cosmogenic 10 Be analysis were collected from the Pinedale terminal moraine (2298 m above sea level (asl), 42°53 0 26 00 N, 109°4 9 0 34 00 W) and the Bull Lake terminal moraine (2285 m asl, 42°52 0 39 00 N, 109°51 0 00 00 W) in the Fremont Lake area, Wyoming (Figure 1 ). The depth profiles are situated in the lower till of the Pinedale and Bull Lake moraines, respectively. Fourteen samples collected in $15 cm intervals to a depth of 180 cm were obtained from the crest of the Pinedale terminal moraine. The depth profile from the crest position of the Bull Lake terminal moraine consists of 12 samples taken in $10 cm intervals to a depth of 130 cm. The grain size distribution of the <2 mm size fraction was determined on 30 g of material. After removal of organic matter with hydrogen peroxide, the silt and clay fractions (<0.063 mm) were separated by wet sieving from the sand fraction. The relative percentage of the silt and clay frac-tions was determined by the settling method based on Stokes' law [e.g., Day, 1965] .
[17] The depth profile of the Pinedale moraine has a sand content ranging from 68 to 85 wt %, a silt content ranging from 15 to 24 wt %, and a clay content ranging from 3 to 10 wt % (Table 1 and Figure 3a) . The soil is a Cryoboroll with an A-horizon to $5 cm depth and a B-horizon to 35 cm depth. At about 100 cm depth, there is a layer of cobbles and boulders. Above this layer the silt content generally decreases and the sand content increases with depth. Below the layer of cobbles and boulders the silt and sand contents remain constant (21 -24 wt % and 71-74 wt %, respectively).
[18] In the Bull Lake depth profile, the sand content ranges from 47 to 75 wt %, the silt content from 17 to 34 wt %, and the clay content from 9 to 30 wt % (Table 1 and Figure 4a ). The clay content increases to its highest value of 30 wt % at 43 cm depth. This soil is also a Cryoboroll with an A-horizon to $30 cm. The depth of the B-horizon is not observed, but estimated at 125 cm on the basis of Hall and Shroba [1993] . However, we note that the delineation of soil horizons in these very weakly developed soils is difficult and somewhat subjective.
Methods
[19] We make use of two different approaches to determine ages and denudation rates based on cosmogenic nuclide measurements. Approach A uses the principles presented by Chen [2005, 2006] . Approach B presents an alternative approach to the analytic solution of Lal and Chen and calculates ages and denudation rates based on a Chi-square analysis of measured depth profiles. We start by describing our cosmogenic sample analysis procedures.
Cosmogenic Nuclide Analysis
[20] Seven samples of the Pinedale and eight samples of the Bull Lake depth profiles were selected for the analysis of in situ-produced 10 Be ( Figures 3b and 4b and Table 1 ). Approximately 15-120 g and 5-15 g of pure quartz were separated from the 0.5 to the 1.0 mm grain size fraction for the Pinedale and Bull Lake profiles, respectively. For two samples of the Bull Lake depth profile (AT-FL-4C and I) different grain size fractions (0.125-0.25 mm, 0.25-0.5 mm) were analyzed in order to test grain size variability of the cosmogenic nuclide concentration. The basic technique used in this study to separate 10 Be is described by von Blanckenburg et al. [1996] . Cosmogenic nuclide ratios were measured at the accelerator mass spectrometer facility of PRIME Lab, Purdue University. Data are referenced to the original ICN standard. Nuclide concentrations were corrected for machine as well as chemistry blanks. The reported standard error includes analytical uncertainties (1s).
Age and Denudation Rate Determination 4.2.1. Approach A: The Lal and Chen Approach
[21] The approach of Lal and Chen is based on the assumption that the age and denudation rate of a sedimentary deposit can be determined by measuring one sample from the mixed surface layer and another sample from the undisturbed layer below the mixed layer Chen, 2005, 2006] . The age and denudation rate calculations are based on two independent equations and as long as the upper layer is reasonably well mixed an estimate of the age and denudation rate can be determined. For an undisturbed moraine eroding at a constant denudation rate D [cm a À1 ], the calculated nuclide concentration C calc [atoms g (qtz) À1 ] for a certain depth x [cm] is given by where C in [atoms g (qtz) À1 ] is the inherited nuclide concentration assumed to be constant with depth, l [years
À1
] is the decay constant, t [years] is the time since moraine deposition, r [g cm À3 ] is the density of the till, and P nuc (0), P mstopped (0), and P mfast (0) are the local surface production rates [atoms g (qtz) À1 a
] by nucleons, stopped and fast muons, respectively. The coefficients a nuc,j,k [dimensionless] and
] are for the depth scaling of the production rate (Table 2 , see also Schaller et al. [2001 Schaller et al. [ , 2002 for more details). SCF [dimensionless] is the snow correction factor to correct the production rate at the soil surface for presentday snow cover (see below).
[22] In a soil, where the surface layer is mixed, the nuclide concentration of samples below the mixed surface layer can still be calculated using equation (1). The mixing depth x Bio [cm] is considered to be constant. The nuclide concentration in a reasonably well-mixed surface layer can be expressed by
[23] For simplicity equation (2) is only written for the nucleonic production. However, the stopped and fast muonic productions need to be accounted for as addressed in equation (1). Equation (2) follows equation (5) by rather than equation (12) by Chen [2005, 2006] . For age and denudation rate determination, the ratio of the concentration in the mixed layer and the undisturbed layer are plotted versus the concentration in the mixed layer (see Figure 5 ).
[24] In our study, a soil reflecting the nuclide concentration as calculated with equation (2) is considered to be completely mixed (Figure 2) . In contrast, a surface layer is considered incompletely mixed when it does not reflect the nuclide concentration as calculated with equation (2). This incomplete mixing might be the result of recent mixing, different mixing depths, or depth-dependent mixing.
[25] Details of our calculations are as follows: For calculations, we use sea level high-latitude production rates of 5.1 atoms g (qtz)
À1 a À1 for the total production rate [Stone, 2000] resulting in 4.9 atoms g (qtz)
À1 a À1 for nucleonic, 0.106 atoms g (qtz)
À1 a À1 for stopped muonic, and 0.093 atoms g (qtz)
À1 a À1 for fast muonic production rates [Heisinger et al., 2002a [Heisinger et al., , 2002b . The sea level high-latitude values were scaled to the sample altitude and latitude using scaling factors of Dunai [2000] . The depth dependence of the nucleonic production is exponential and has an absorption mean free path a nuc = 157 g cm À2 (see Table 2 ). The depth dependence of stopped and fast muonic production is as determined by Schaller et al. [2002] . The decay constant for 10 Be used is 4.62 Â 10 À7 years À1 . No variations in the production rate due to changes in the geomagnetic field intensity are applied [Masarik et al., 2001] . The density of the moraine deposit is approximately 2.0 g cm À3 [Taylor and Blum, 1995] with an uncertainty of ±0.4 g cm À3 . Soil mineral dissolution has not been taken into account as dissolution rates and their change are difficult to constrain over time. The incorporation of loess (grain size range is 0.015 -0.05 mm) has also not been modeled as loess addition is considered to be minor in the Fremont Lake area [Hall and Shroba, 1993] .
[26] The production rate scaled from sea level high latitude to the sample altitude and latitude needs to be corrected for reduction by snow cover. The monthly snow water equivalents of a 30 years record of data from the nearby Elkhard Pass, SNOTEl station (2860 m asl) has been used to calculate the present-day snow correction factor SCF for the production rate [e.g., Benson et al., 2004; Gosse and Phillips, 2001; Schildgen et al., 2005] . The SCFs have been determined for each production mechanism (nucleonic, stopped and fast muonic). As we use the depth dependence of Schaller et al. [2002] for the stopped and fast muonic production, we need to determine the SCF for the six different production mechanisms (Table 2) .
Approach B: Chi-Square Analysis of Cosmogenic Nuclide Concentrations
[27] In our second approach we use a Chi-square analysis to compare the measured nuclide concentrations to predicted concentrations using a numerical model. The numerical model calculates nuclide concentrations based on different assumption of age, denudation rate, mixing depth, and inherited nuclide concentration. The Chi-square analysis is based on three components which are presented below.
Modeled Cosmogenic Nuclide Concentration
[28] We use a numerical model to calculate the 10 Be concentration at each sample depth. The concentration is calculated as a function of age, denudation rate of the moraine, the inherited nuclide concentration, the mixing depth, the production rate at the sample locality, the snow correction factor, and the density of the till. All but the latter three are considered free parameters in the Chi-square analysis of this study. We take into consideration the Coefficient for depth scaling of the surface production rate as used by Schaller et al. [2002] except for the nucleonic production. Here b should not be considered as real mean absorption path, but as parameter of the complex depth function into an exponential format.
c Snow correction factor for present-day snow cover based on snow depths from Elkhard pass SNOTEL station.
following two different denudation rate scenarios: (1) constant denudation rate over the time since moraine deposition and (2) transient denudation rate decreasing in magnitude over time since moraine deposition. The constant denudation rate scenario is considered to evaluate the usefulness of the simplest approach to interpreting the data compared to more sophisticated approaches (see section 6).
[29] In the case of constant denudation, the nuclide concentrations in the undisturbed layer and the mixed surface layer were calculated using equations (1) and (2). The four variables used as free parameters for the Chisquare analysis are age t, constant denudation rate of the moraine D, the inherited nuclide concentration C in , and the mixing depth x Bio . Three variables, which are not used as free parameters in our model calculations, influence the calculated nuclide concentration C calc : the production rate P(0) at the sample locality, the snow correction factor SCF, and the density r of the till. The production rate P(0) is a variable due to uncertainties in the scaling from sea level to high altitude. The snow correction factor is a source of uncertainty due to the unknown shielding effect of snow cover over the time since moraine deposition. The density is a variable due to the unknown change of density over time Figure 5 . The ratio of the nuclide concentration in the mixed surface layer to the nuclide concentration of the uppermost sample in the unmixed layer is plotted versus the concentration in the surface layer as described by Chen [2005, 2006] . The nuclide concentration of the surface layer is based on the sample just above the mixing boundary (solid squares) or on the average nuclide concentrations of all samples in the surface layer (open squares). (a) Different age calculations are compared with measured values for the Pinedale moraine. The calculations are based on a mixing depth of 40 cm, production rates as used for the Chi-square analyses, and a density of 2.0 g cm and the difficulty in accurately determining densities in deposits of coarse-grained sediments.
[30] In the case of transient denudation, equations (1) ] is the topographic diffusivity, and y [m] is horizontal distance. Equation (3) is solved using an explicit finite difference scheme. The intitial topographic geometry used for these simulations was a flat-topped moraine with sides at a constant slope. Free parameters considered in the initial condition include the half width and height of the flat top, and the deposition angle of the moraine sides. Model results from simulations with different parameter settings are compared to observed profiles at the sample locations. The observed profiles are based on 10 m digital elevation models (Figure 1 ). We note that alternative, nonlinear, diffusion models have been proposed for hillslope denudation of soil mantled bedrock [Roering et al., 2001] . However, as demonstrated later the nuclide data lack sensitivity to either the constant or transient denudation histories and a more complicated analysis of hillslope denudation is not warranted.
[31] The cosmogenic nuclide concentration with depth in a moraine eroding under transient conditions is calculated with a numerical model. The nuclide concentration of samples from below the mixed layer is predicted by integrating the nuclide production at depth for given denudation rates over the time interval denudation occurs. The nuclide concentration C ave in the mixed surface layer is calculated by the average production P ave at each time interval, the input of nuclides from below the mixed layer for a given denudation rates at certain time intervals, as well as losses through denudation at the surface and radioactive decay at each time interval (see equation (4) and Appendix 1 of Brown et al. [1995] )
where C xBionuc [atoms g (qtz) À1 ] is the nuclide concentration in the material just below the mixed layer. C xBionuc is calculated as described above. For simplicity, equation (4) is written for nucleonic production only, but needs to be extended for stopped and fast muonic production as shown in equation (1). The average nucleonic production rate in the mixed layer is calculated following equation (5) (see also Appendix 1 of Brown et al. [1995] )
The stopped and fast muonic production rates can be calculated following equation (1).
Chi-Square Statistical Analysis
[32] We determined combinations of model parameters that provide the best fit solutions for the data using a Chisquare statistical analysis. Our approach is comparable to that used in other studies [e.g., Braucher et al., 2008; Ehlers et al., 2003; Siame et al., 2004; Whipp et al., 2007; Wolkowinsky and Granger, 2004] . The range of values used for each parameter is presented in the next section. Calculated and measured 10 Be concentrations were compared for each profile using a reduced sum Chi-square statistical test
where C calc (i) and C meas (i) are the calculated and the measured nuclide concentrations for a given sample (i), respectively, 1s meas (i) is the one sigma error of the measured nuclide concentration of sample (i), and N is the total number of samples. For each depth profile, reduced sum Chi-square analyses for age, constant and transient denudation of the moraine, nuclide inheritance, and mixing depth are based on all samples measured in the depth profile and assuming complete mixing or no mixing. We calculate the best reduced sum Chi-square solution for present-day snow shielding correction. Best fit combinations of parameters are identified as the values that produce the lowest reduced sum of Chi-square misfit. A misfit of 1 indicates a perfect fit to the data.
Range and Resolution of Parameters Used
[33] Our Chi-square analysis explored the effect of different ranges and resolutions of the parameters on depth profile concentrations from each moraine. The range of parameters explored in our analysis is as follows. The age range explored for the Pinedale moraine is 10 -30 ka with an increment of 0.5 ka. Constant denudation rates of the moraine are between 0 and 0.1 mm a À1 allowing a step resolution of 0.0025 mm a À1 . Transient denudation rates are constrained by the hillslope diffusivity (see footnotes of Table 3 ), starting height of the moraine (20, 30, and 40 m), and deposition angle (5, 10, 15, 20, 25, and 30°) . The range for the inherited nuclide concentration used is between 0 and 4 Â 10 5 atoms g À1 with a step resolution of 0.2 Â 10 5 atoms g
À1
. The mixing depth range for the Pinedale moraine is 0-100 cm with a depth resolution of 10 cm. The allowed age range for the Bull Lake moraine is between 30 and 200 ka with an age resolution of 2.5 ka. Constant denudation rates of the moraine are allowed to be 0 -0.05 mm a À1 with a resolution of 0.0025 mm a À1 . Transient denudation rates are constrained by diffusivity (see footnotes of Table 3 ), starting height of the moraine (35, 40, 50, and 60), and deposition angle (5, 10, 15, 20, 25, and 30°) . The inherited nuclide concentration is between 0 and 4 Â 10 5 atoms g À1 with a step resolution of 0.2 Â 10 5 atoms g
. The mixing depth range for the Bull Lake moraine is 0 -100 cm with a depth resolution of 10 cm.
Results
Measured Cosmogenic Nuclide Concentrations
[34] The 10 Be concentrations measured in quartz within the 0.5-1.0 mm grain size fraction are presented for the Pinedale and Bull Lake depth profiles (Figures 3b and 4b and Table 1 ). For the Bull Lake moraine additional grain size fractions are also reported.
[35] In the depth profile of the Pinedale moraine, the 10 Be concentrations of the 0.5 -1.0 mm grain size fraction range from 1.11 to 3.73 Â 10 5 atoms g (qtz) À1 (Table 1 and Figure 3b ). The highest nuclide concentrations are measured in the surface samples. The uppermost four samples (3, 10, 20, and 30 cm) show uniform nuclide concentrations of 3.60 -3.73 Â 10 5 atoms g (qtz)
À1
. Below this surface layer (>40 cm), the nuclide concentrations decrease with depth. Hence, the lowest nuclide concentration is measured in the deepest sample (133 cm). The nuclide concentrations of the surface samples are roughly three times higher than the concentration of the lowermost sample.
[36] The
10
Be concentrations of the 0.5-1 mm grain size fraction range from 4.93 to 14.9 Â 10 5 atoms g (qtz) À1 in the depth profile of the Bull Lake moraine (Table 1 and Figure 4b ). The uppermost four samples (5, 20, 28, and 43 cm) show a relatively homogenous cosmogenic nuclide concentration ranging from 13.6 to 14.9 Â 10 5 atoms g (qtz)
À1
. However, a slight decrease in the 10 Be concentration with depth is observed in this surface layer. Below the surface layer (>50 cm), the nuclide concentrations decrease with depth. The nuclide concentration of the lowermost sample (130 cm) is roughly three times lower than the nuclide concentrations of the surface samples. The cosmogenic nuclide concentrations of smaller grain size fractions (0.125-0.25 mm and 0.25 -0.5 mm) in the sample from 104 cm depth indicate only minor grain size dependence. The smaller grain size fraction (0.25-0.5 mm) analyzed for the sample from 43 cm depth has a lower nuclide concentration than the 0.5-1 mm grain size fraction, which might be due to grain size dependence in soil mixing. Cosmogenic nuclide concentrations of samples from the Bull Lake moraine are roughly four to five times higher than nuclide concentrations of samples from the Pinedale moraine at comparable sampling depths.
Approach A: The Lal and Chen Approach
[37] In the following section the results from the application of the Lal and Chen approach to our data are presented ( Figure 5 ). Predicted and observed ages and denudation rates are plotted as a function of 10 Be concentration ratio in the mixed layer and the surface of the stagnant layer versus the concentration in the mixed surface layer. Ages and denudation rates are derived for the measured values on the basis of (1) the nuclide concentration measured in the lowermost sample of the mixed surface layer and the sample just below the mixed surface layer (black squares in Figure 5 ) and (2) the average nuclide concentration measured in the samples of the mixed surface layer and the sample just below the mixed surface layer (open squares in Figure 5 ). Ages and denudation rates for the sample just above the mixing zone (case 1) are given below, and the ages and denudation rates based on the Slope angle range for Pinedale and Bull Lake from 5 -30°. The resolution is 5°steps.
h Nucleonic production rate P n = 29.84 atoms (g (qtz) a)
À1
, stopped muonic production rate P mstop = 0.294 atoms (g (qtz) a) À1 and fast muonic production rate P mfast = 0.105 atoms (g (qtz) a)
. Production rates are not corrected for snow shielding.
i Nucleonic production rate P n = 29.56 atoms (g (qtz) a)
, stopped muonic production rate P mstop = 0.293 atoms (g (qtz) a) À1 and fast muonic production rate P mfast = 0.105 atoms (g (qtz) a)
average nuclide concentrations (case 2) are reported in parenthesis.
[38] The calculated age of the Pinedale moraine based on a mixing depth of 40 cm is $19 ka ($20 ka) and the denudation rate is $0.030 mm a À1 ($0.035 mm a À1 ; Figures 5a and 5b) . Using deeper mixing depths (e.g., 50 cm) decreases the calculated age to $17 ka and the denudation rate to $0.015 mm a À1 (not shown). For the Bull Lake moraine, the age based on a mixing depth of 50 cm is $67 ka ($77 ka) and the denudation rate is $0.004 mm a À1 ($0.007 mm a
; Figures 5c and 5d ). Using a deeper mixing depth (e.g., 60 cm) decreases the calculated age to $65 ka and the denudation rate to $0.001 mm a
(not shown). In summary, ages and denudation rates for the Pinedale moraine range between 17-20 ka and 0.015 -0.035 mm a À1 , respectively. Ages and denudation rates for the Bull Lake moraine are 65-77 ka and 0.001 -0.007 mm a À1 , respectively.
Approach B: Chi-Square Results for Cosmogenic Nuclide Concentrations
[39] In the following section the different Chi-square analyses for constant and transient denudation rates are presented for the Pinedale and Bull Lake moraines (Table  3 ). The best reduced sum Chi-square solutions assuming present-day snow shielding are calculated for the nuclide concentration measured in the 0.5-1 mm grain size fraction.
Constant Denudation Rate Simulations
[40] The best fit solutions for moraine age and denudation rate for fixed values of the soil mixing depth and inherited nuclide concentration are presented in Figure 6 . In the depth profile of the Pinedale moraine, good reduced sum Chisquare solutions (<2) for all samples (using the present-day snow shielding correction) are achieved for ages around 17-18 ka and constant denudation rates of the moraine of 0 -0.015 mm a À1 (Figure 6a ). The lowest reduced sum Chisquare values (0.7-0.9) are achieved with ages of 16.5 -17.5 ka, constant denudation rates for the moraine of 0 -0.005 mm a
À1
, a nuclide inheritance of 0.2 Â 10 5 atoms g (qtz) À1 , and complete mixing to a depth of 50 cm (Model 1 in Table 3 ).
[41] For the depth profile of the Bull Lake moraine good solutions (<2) are achieved for ages of $60-100 ka and denudation rates of 0 -0.010 mm a À1 using a production rate correction for present-day snow shielding (Figure 6b ). The best Chi-square solutions (0.4 -0.5) for all Bull Lake samples are given by ages of 65-72.5 ka, 0 -0.003 mm a À1 denudation of the moraine, a nuclide inheritance of 1.4-2.0 Â 10 5 atoms g (qtz) À1 , and complete mixing to a depth of 60 cm (Model 5 in Table 3 ). The constant denudation rates determined in this study are 0.0175 mm a À1 for the Pinedale moraine and 0.010 mm a À1 for the Bull Lake moraine (Models 2 and 6 in Table 3 ).
Transient Denudation Rate Simulations
[42] The influence of transient moraine denudation on a Chi-square misfit to the data is shown in Figures 7 and 8 . For simplicity, we highlight how two different topographic evolution scenarios provide a similar fit to the present-day topography and observed nuclide concentrations.
[43] A visual comparison between observed topographic profiles and numerical model calculations based on diffusivity, indicate that the good fits for the Pinedale moraine can be achieved with 1) low diffusivity (<1 Â 10 À3 m 2 a À1 ) with a maximum initial height of 26 m, a slope angle of 20°, and an initial moraine flat-top width of 70 m or 2) high diffusivity (25 Â 10 À3 m 2 a
À1
) with a maximum height of 27 m, a slope angle of 30°, and a flat width of 100 m (Figures 7a and 7d ). These two different assumptions result in very different average denudation rates at the crest position of 0.001 and 0.028 mm a À1 , respectively (Figures 7b and 7e) . Similar to the constant denudation rate simulations previously presented, the best Chi-square solutions (0.5) for the Pinedale moraine are achieved for ages of 17-24 ka and average denudation rates of 0.003 -0.051 mm a À1 (Model 3 in Table 3 ). These average denudation rates correspond to diffusivities of 0.3-30 Â Figure 6 . Chi-square analysis for cosmogenic nuclide concentrations of samples from (a) Pinedale moraine and (b) Bull Lake moraine assuming constant denudation rate over time. Constant denudation rate D of the moraine is plotted versus deposition age. The calculations are based on a density of 2.0 g cm À3 . The best Chi-square solutions c 2 are calculated for all samples using a fixed nuclide inheritance (C in ) and mixing depth and applying present-day snow shielding. À3 m 2 a
. The best results are determined for a slope angle of 20°. This slope angle is close to the present-day observed topography of the Pinedale moraine (Figure 7a) .
[44] For the Bull Lake moraine, comparison of the observed topographic profile with numerical model calculations based on diffusivity indicate that good fits occur with 1) low diffusivity (<2 Â 10 À3 m 2 a À1 ) with a maximum height of 30 m, a slope angle of 5°, and a initial moraine flat-top width of 180 m or 2) high diffusivity (50 Â 10 À3 m 2 a
) with a maximum height of 40 m, a slope angle of 30°, and flat width of 250 m (Figures 8a and 8d) . These assumptions result in average denudation rates at the crest position of 0 and 0.052 mm a
, respectively. The best Chisquare solutions (0.4) for the Bull Lake moraine are achieved for ages of 70-127.5 ka and average denudation rates of 0 -0.016 mm a À1 (Model 7 in Table 3 ). These best fit solutions are based on diffusivities of 0.1-20 Â 10 À3 m 2 a À1 , and slope angles ranging from 5 -30°. The best fit solutions for denudation rates based on the samples below the mixed surface and the independent age constraints are 0.032-0.034 mm a À1 for the Pinedale moraine (average is 0.033 ± 0.001 mm a À1 ) and 0.010 -0.022 mm a À1 for the Bull Lake moraine (average is 0.014 ± 0.004; Models 4 and 8 in Table 3 ).
Discussion
[45] The following sections discuss: (1) the measured cosmogenic nuclide concentrations, (2) Chi-square analysis for constant and transient denudation scenarios, (3) com- parison of Lal and Chen approach with our Chi-square analysis, and (4) comparison of ages and denudation rates from this study with independent constraints.
Cosmogenic Nuclide Concentrations
[46] The general pattern in the measured 10 Be concentrations of the Pinedale and Bull Lake profiles is similar; a surface layer consisting of relatively uniform nuclide concentrations over continuously decreasing nuclide concentrations (Figures 3b and 4b) . The nuclide concentration in the depth profile of the Pinedale moraine shows a uniform nuclide concentration in the surface layer indicative of surface mixing to a depth of $40 cm (Figure 3b) . In contrast, a slight decrease in the nuclide concentration of the samples in the surface layer ($50 cm) is observed in the depth profile of the Bull Lake moraine (Figure 4b ). This observation in combination with the differences in nuclide concentrations of different grain sizes may indicate that the Bull Lake surface layer is not completely mixed. Variations in the magnitude of Bull Lake mixing could be because active mixing is only in the uppermost 10-20 cm or the magnitude of mixing is depth dependent. The two depth profiles may therefore show differences in Chi-square analysis due to differences in the degree of mixing.
Chi-Square Analysis Based on Constant and Transient Denudation Rates
[47] The previous Chi-square analysis of the cosmogenic nuclide concentrations measured in the Pinedale and Bull Lake moraines provided constraints on the depositional age, denudation rate (constant or transient), and the inherited nuclide concentration. In general, a higher nuclide inheritance is calculated for the Bull Lake moraine than for the Pinedale moraine. The high nuclide inheritance might reflect the incorporation of preirradiated reworked till in the Bull Lake moraine. Quartzite cobbles were found in the lower till of the Bull Lake moraines which are described as being derived from older terrace deposits (e.g., the Sacagawea outwash terraces [Richmond, 1973] ).
[48] The results based on the assumption of transient denudation rates differ only marginally from the results gained from analysis assuming constant denudation rates (Table 3 ). The inherited nuclide concentration and the mixing depth agree within the resolution of the Chi-square analysis (Models 1 and 3 for the Pinedale moraine and Figure 8 . Same as in Figure 7 but for the Bull Lake moraine.
Models 5 and 7 for the Bull Lake moraine in Table 3 ). The calculated ages and average denudation rates show a larger range of solutions for the transient denudation rate assumption. For example, the age based on constant denudation rate for the Pinedale moraine is 16.5 -17.5 ka whereas the age based on transient denudation rate is 17-24 ka (Model 1 and 3 in Table 3 ).
[49] The analysis of the observed moraine topographies with the diffusion model indicates multiple solutions for diffusivity, maximum height, slope angle, and flat width, which fit the observed topography equally well (e.g., Figures 7a, 7d, 8a, and 8d) . Good solutions for the measured nuclide concentrations are possible with low and high diffusivities. Different geometries of flat-topped, trapezoidal moraines can be used for model calculations to match the measured nuclide concentrations. The sensitivity of the model geometry in the range of small diffusivities is low as it takes time for the moraine crest to evolve at low denudation rates. A flat-topped, trapezoidal moraine seems to be a possible deposition geometry of the terminal end moraines. In the case of the Pinedale moraine, the observed steeper slope angles compared to the Bull Lake moraine, could be the result of the younger age as well as the existence of the Bull Lake moraine in front of the Pinedale moraine. Unfortunately we have no way of independently constraining the moraine geometries at the time of deposition and additional analysis based on different depositional geometries would be poorly constrained.
Comparison of Lal and Chen Approach With Chi-Square Analysis
[50] In this section we address whether the Lal and Chen approach (Approach A) results in fundamentally different solutions than the Chi-square analysis for constant and transient moraine denudation (Approach B). In general, the results agree well for the Bull Lake moraine and the Pinedale moraine. In the case of the Bull Lake moraine, the age ($67 ka) and denudation rate ($0.004 mm a À1 ) determined with the Lal and Chen approach using a mixing depth of 50 cm (Figures 5c and 5d ) are comparable to the results from the Chi-square analysis (70 -127.5 ka and 0 -0.016 mm a
À1
; Table 3 ). The primary advantage of the Chisquare approach is that the range of possible parameters that can fit the observed nuclide concentrations can be identified, rather than single values.
[51] In the case of the Pinedale moraine, the age ($19 ka) and denudation rate ($0.030 mm a À1 ) based on the Lal and Chen approach and using a mixing depth of 40 cm (Figures 5a and 5b ) compare with ages (17 -24 ka) and denudation rates (0 -0.051 mm a
) determined with the Chi-square analysis (Table 3) . Using deeper mixing depth in the Lal and Chen approach results in lower ages and denudation rates fitting well with the lower values derived from the Chi-square approach. The choice of the mixing depth that is used is an important factor in the Lal and Chen approach such that a detailed and careful investigation of the depth profile is required not only to determine the mixing depth, but also for selecting the samples used for cosmogenic nuclide analysis and subsequent calculations. An additional disadvantage of the Lal and Chen approach is that it does not take into account nuclide inheritance. Differences between the Lal and Chen approach and the Chi-square analysis might also result from different sensitivities of the two methods to the selected density as well as the applied snow correction.
[52] In summary, we find that the approach of Lal and Chen matches well with the more sophisticated numerical approach. Whereas the Chi-square approach requires several samples from different depths ($2 m), the Lal and Chen approach is based on only two samples from the upper part of the depth profile ($60 cm). However, the age and denudation rate determination based on only two samples requires a careful evaluation of the mixing depth and the sample selection. Evaluation of the mixing depth in the field may not always be possible. We conclude that the Lal and Chen approach is best applied in settings where the mixing depth is well constrained from other methods, sample selection is straightforward, mixing is complete, and nuclide inheritance is assumed to be minimal. In practice, the previous restrictions will likely prohibit widespread application of this approach.
Comparison of Ages and Denudation Rates
With Independent Constraints 6.4.1. Age Comparison [53] In the following section we compare ages determined from cosmogenic nuclides in depth profiles with independent age constraints from the literature. The best estimated independent ages are considered to be $21 ka for the Pinedale moraine and $140 ka for the Bull Lake moraine (see section 2.2).
[54] Moraine ages determined with cosmogenic nuclides measured in depth profiles are generally younger than the previous independent age constraints for the Pinedale and Bull Lake moraines, respectively. In the following we demonstrate how the mixing degree and depth could influence our age determinations from depth profiles.
[55] To demonstrate the influence of complete mixing of variable depths on moraine age we analyzed each depth profile with the Chi-square model using only age and mixing depth as free parameters (Figures 9a and 9b) . The inherited nuclide concentration C in , the diffusivity k, the maximum height h max , and the slope angle are fixed to the values as determined in the best Chi-square solution for the transient denudation model (Models 3 and 7 for Pinedale and Bull Lake moraines in Table 3 ). In the case of the Pinedale moraine, Chi-square solutions c 2 < 2 are achieved for mixing depths between $40 and $50 cm (Figure 9a ). This is in good agreement with the observed mixing depth from the cosmogenic nuclide concentrations (Figure 3b) . The comparable analysis for the Bull Lake moraine (fixed values from Model 7 in Table 3 ) results also in a best Chisquare solution (c 2 < 2) for mixing depths between $30 and $60 cm (Figure 9b ). In the case of the Bull Lake moraine, possible solutions are not only restricted to the depth determined from the measured nuclide concentrations, but range also from 0 to 30 cm. This result may indicate that the surface layer of the Bull Lake moraine is incompletely mixed (e.g., different mixing depth and depth-dependent mixing).
[56] We also analyzed the effect of incomplete mixing on the age calculation (Figures 10a and 10b) . The best solution for the transient denudation rate model based on samples below the mixed surface layer and the independent age constraint (Models 4 and 8 in Table 3 ) are used to calculate the nuclide concentration in samples. The assumption of no mixing and mixing to a given depth is made (50 and 60 cm for the Pinedale and Bull Lake moraines, respectively). In the case of complete mixing, we expect that the measured and calculated nuclide concentrations agree. This approach is valid under the additional assumption that using the samples from below the mixed surface layer and the independent age to constrain the fixed values is justified. For the Bull Lake moraine, the calculated nuclide concentrations in the mixed surface layer are higher than the measured nuclide concentrations (Figure 10 ) whereas for the Pinedale moraine the calculated nuclide concentrations in the mixed surface layer are comparable to the measured nuclide concentrations. This might indicate that the surface layer is mixed in the Bull Lake moraine, but not to completion as suggested by the model assumption (e.g., different lines shown in Figure 2b ).
[57] Because of this lower than expected nuclide concentration in the surface layer of the Bull Lake moraine, ages based on the assumption of complete mixing are younger than the independent ages (up to 70 ka). These younger ages are predicted because the model assumes complete mixing, however the Bull Lake moraine is only partially mixed. From the model simulation based on no mixing of the surface layer it appears that the measured nuclide concen- trations in the Bull Lake moraine are close to the average concentration of the unmixed surface layer to a given depth. This can be attained if the mixing in the surface layer occurred recently. We conclude that the nuclide concentration in the surface layer has been homogenized, but mixing is not complete in the case of the Bull Lake moraine. The degree of mixing is difficult to constrain (e.g., because of restricted data resolution, uncertainty in production rate and density etc.). Thus, we find that the assumption of complete mixing in a homogenized surface layer [e.g., Chen, 2005, 2006] needs to be evaluated before calculating ages and denudation rates. Results based on the assumption of complete mixing where the surface layer is not completely mixed may be erroneous.
[58] In summary, age constraints from depth profiles of coarse material in areas where climatic conditions require snow shielding corrections and where mixing in the surface layer is not thorough are difficult to interpret. Ages from exposure age dating of boulders are more straightforward than ages from depth profiles. Although boulder exposure ages are influenced by uncertainties related to snow shielding and/or exhumation due to denudation of surrounding soil, this is generally a smaller uncertainty for boulder age determination than for the depth profile technique.
Denudation Rate Comparison
[59] Denudation rates calculated with the Chi-square approach and data from all samples in a profile are most likely also affected by unknown degrees of mixing. Therefore, we consider the denudation rates based on the samples below the mixed layer and the independent age constraint to be more reliable than denudation rates based on all samples. The constant denudation rates determined in this study are 0.0175 mm a À1 for the Pinedale moraine and 0.010 mm a
À1
for the Bull Lake moraine. Slightly higher rates are calculated for the transient denudation rate of 0.032-0.034 mm a
for the Pinedale moraine (average is 0.033 ± 0.001 mm a À1 ) and 0.010-0.022 mm a À1 for the Bull Lake moraine (average is 0.014 ± 0.004 mm a À1 ). The average denudation rates from the constant and transient cases are 0.025 mm a À1 for the Pinedale moraine and 0.012 mm a À1 for the Bull Lake moraine. These denudation rates and the associated independent age constraints result in net denudation of 0.525 and 1.68 m for the Pinedale and Bull Lake moraines, respectively. The results from terminal moraines in the Wind River Mountains (0.012 and 0.025 mm a À1 ) are in agreement with denudation rate determinations based on boulder age considerations and boulder heights in the western Wind River Mountains (0.010 mm a À1 ; see section 2.3). The denudation rates from this study agree with other rates derived from exhumation modeling of boulder surfaces and depth profile dating (0.005 -0.060 mm a À1 ). However, denudation rates derived from diffusion models of surface degradation of lateral moraines (0.28 -0.7 mm a À1 ) are generally an order of magnitude higher than denudation rates determined in this study for terminal end moraines.
Summary and Conclusions
[60] The cosmogenic nuclide concentrations measured in two shallow depth profiles ($1.5 m) from the Pinedale (independent age constraint is $21 ka) and Bull Lake (independent age constraint is $140 ka) moraines in the Fremont Lake area (Wyoming, United States) reveal the following:
[61] 1. In situ -produced cosmogenic nuclide concentrations measured in the surface layer of the two moraine deposits are relatively homogenous. The surface layer of the Pinedale moraine seems to be mixed to a depth of 40-50 cm whereas the surface layer of the Bull Lake moraine seems to be mixed to a depth of 50-60 cm.
[62] 2. Chi-square analyses of predicted and observed nuclide concentration from the two depth profiles were conducted to explore the effect of constant and transient denudation on nuclide concentrations. In the case of low denudation rates as determined from the nuclide concentrations measured in this study, there is no significant difference in the calculated ages and denudation rates using the constant or transient denudation approach. Ages calculated assuming present-day snow shielding are 16.5 -24 ka and 65-127.5 ka for the Pinedale moraine and Bull Lake moraine, respectively. These ages are comparable or younger than independent age constraints derived from the literature due to the influence of incomplete surface mixing on cosmogenic depth profile dating.
[63] 3. Diffusion models of moraine topographic evolution were conducted for flat-topped, trapezoidal moraine geometry ranging in hillslope depositional angles, moraine crest heights, and flat-top width. A wide range of simulated diffusivities and moraine geometries can fit the observed cosmogenic nuclide concentrations.
[64] 4. Uncertainties in moraine denudation rate estimates can be caused by soil mixing. To avoid this, we suggest using samples below the mixed surface layer in combination with independent age constraints to improve denudation rate estimates. For the Fremont Lake moraines, average denudation rates based on constant denudation rates, present-day snow shielding, and independent age constraints are 0.0175 mm a À1 for the Pinedale moraine and 0.010 mm a
À1
for the Bull Lake moraine. Results from our transient denudation simulations suggest average denudation rates are 0.032 mm a À1 for the Pinedale moraine and 0.014 mm a
for the Bull Lake moraine. Net denudation of the Pinedale and Bull Lake moraines are estimated to be 0.525 and 1.68 m, respectively.
[65] 5. Ages and denudation rates derived from the Lal and Chen approach agree relatively well with results from the Chi-square analysis, although a wider range of permissionable solutions is identified through the Chi-square analysis. As the Lal and Chen approach is sensitive to the selected mixing depth and relies on two samples from within and below the mixed surface layer, the mixing zone needs to be carefully determined in the field.
[66] 6. The technique of depth profile dating for age and denudation rate determination in shallow depth profiles is sensitive to soil mixing, snow shielding correction and density. Age and denudation rates are difficult to constrain on flat terminal moraines. Boulder exposure ages seem to be more reliable for moraine age determination. However, depth profiles are effective at determining mixing depth and determining denudation rates.
[67] 7. The nuclide concentrations measured in the surface layers of the Pinedale and Bull Lake moraines are homogenized to a depth of $50 and $60 cm, respectively.
Model calculations seem to indicate that the surface layers are mixed, but in the case of the Bull Lake moraine not completely mixed (e.g., recent mixing, different mixing depths and depth-dependent mixing degree).
[68] 8. The denudation rates determined for the Pinedale and Bull Lake moraine crests are in good agreement with other studies based on cosmogenic nuclides. However, denudation rates used in diffusion models of surface degradation of lateral moraines are generally 1 order of magnitude higher than denudation rates determined in this study on terminal moraines.
[69] 9. Contrary to assumptions of previous chemical weathering studies we find that moraine crests in the Fremont Lake area do erode significantly and that soils are significantly mixed. Weathering rates and dust accumulation rates calculated on the assumption of no denudation and no mixing of the surface layer are underestimated and need to be reevaluated.
